SUMMARY Monocular and binocular contrast sensitivity function for a range of spatial frequencies was measured in two groups of subjects with normal vision. Statistically significant differences in performance between the younger group (age 20-30 years) and the older group (age 50-87 years) were found at all spatial frequencies sampled between 040 and 19-25 cpd. In the age range 50-87 years there was a linear decline in contrast sensitivity with age for medium and high spatial frequencies, but sensitivity for low spatial frequencies was independent of age.
In recent years a number of investigators have used contrast sensitivity function (CSF) as a supplementary measure of visual performance both in normal subjects' 2 and in patients.'--Contrast thresholds are measured for a number of different spatial frequencies (the number of repetitions of a grating pattern, usually sinusoidal, within a unit of distance), and the results are represented graphically by plotting the reciprocal of the contrast threshold (contrast sensitivity) as a function of spatial frequency. In this way the performance of the eye can be specified over a wide working range and gives a broader description of visual function than the more conventional tests of visual acuity. Measurement of contrast sensitivity has revealed visual loss in patients with cerebral lesions,6 multiple sclerosis,37 macular disease,, glaucoma,' cataract,"' and amblyopia."
A number of the above disorders are prevalent among older patients in whom age related changes in the eye are likely to influence the results of visual function tests. It is thought that age related changes, such as those found with visual acuity measurement, are attributable not only to lenticular yellowing and senile miosis but also to neuronal and receptor loss in the visual pathway.'2 The implication that the decline with age in human visual performance is the result of loss of neuronal quality and quantity receives support from other sources. Age related changes in the morphology of human cones"' and a decrease in the neuron population density of the macular projection Correspondence to Dr J E Ross, Nuffield Laboratory of Ophthalmology, Walton Street, Oxford OX2 6AW. 51 areas in the visual cortex'4 have been reported. In a tachistoscopic study Walsh"' has shown very clearly that there is a decrease in the efficiency of central processing of visual images with age.
Recently age dependent losses of contrast sensitivity have been reported by investigators who have used gratings displayed on an oscilloscope' '6-2' and the Arden printed test.92' 22 Unfortunately the results of these studies do not all agree. Some investigators report a loss of contrast sensitivity for all spatial frequencies,9 '92' while others found losses for high and medium spatial frequencies only.'6 7 20 22 One group found losses only at low and medium spatial frequencies."' It is likely that this lack of agreement between studies is attributable to a number of procedural differences, to the type of equipment used, and to the small sample sizes in the majority or studies.
Four of the studies investigated visual performance in patients of more than 70 years.9 'I--`Undoubtedly the study of older normal subjects poses a number of difficulties for the investigator and a definition of 'normal' becomes more difficult with increasing age. However, the incidence rates for disorders such as cataract, glaucoma, and macular disease in which abnormal CSF has been reported increase after the age of 65 years,2-3 so that this is an age group for which it is particularly important to obtain normative data in order to be able to evaluate visual dysfunction in relation to age. We have measured CSF in 70 subjects with normal eyes to obtain age norms for clinical use and to form a database for studies of various eye disorders. Fifty three of these subjects were aged 50 or more. The remaining 17 Cataract was excluded on the basis of the presence of a black lens opacity silhouetted against the red reflex on ophthalmoscopic examination. Any eye in which such an opacity was observed was excluded from the study. Severity of nuclear sclerosis was assessed in the slit beam on a scale of one to three. A score of one indicated the least sclerosis, and a score of three indicated the most sclerosis. Subjects with a score of two or less in each eye separately were included in the sample.
Glaucoma was excluded on the basis of a careful family history, examination of the optic disc, and applanation tonometry for those aged 70 or more. Subjects with intraocular pressure of less than 21 mmHg were considered to be non-glaucomatous. Senile macular degeneration was excluded on the basis of a morphological absence of macular degenerative change. All but seven of the subjects had visual acuity of 6/6 (1-00) or better in each eye. These seven were subjects in the older age group: five had visual acuity of 6/9 (0.66) in one eye and 6/6 (1-00) or better in the fellow eye, and two subjects aged 81 and 87 had visual acuity of 6/12 (0-50) in one and 6/9 (0-66) in the other. The two eyes with visual acuity of 6/12 (0-50) were excluded from the study. The apparent pupil size for all eyes was greater than 2-5 mm.
Apparatus. Distance visual acuity was measured at 6 m by means of an internally illuminated Snellen chart that conformed to the British standard 4274.24
The luminance of the chart was 125 cd/M2. A forced choice method was used to obtain visual acuity measurements.
Stationary vertical sine wave gratings of variable spatial frequency were generated on a display oscilloscope by a two channel computer addressed microprocessor waveform generator. 25 The contrast of the grating pattern was adjusted by a computer linked attenuator. Contrast is defined as ((Li,1 x-Lm,in)/(L,ax + Lniin)) where Lnl,x and L11in are the maximum and minimum luminances respectively of the grating bars. A device wired in parallel with the microprocessor permitted the contrast of sinewave gratings to be faded on to the oscilloscope screen over a period of 0-5s before the preprogrammed contrast level was achieved. This device overcomes the problem of stimulating transient mechanisms in the visual system at stimulus onset. 26 The stimulus area on the oscilloscope screen was rectangular, 30 cm x 20 cm, with a matt grey surround extending out to form an area 35 cmx42 cm. The mean screen luminance was 300 cd/m2 and was independent of the contrast of the spatial frequency being displayed. The frame rate was 100 Hz. Contrast values were linear for the six spatial frequencies which were used (0.4, 0-95, 2.88, 6-73, 12-70, 19-23 cycles per degree of visual angle (cpd)). Changes in contrast of the sinewave gratings and the spatial frequency were either made interactively with the computer or preprogrammed. The subject viewed the screen from a distance of 280 cm and rested his chin on an adjustable rest. The test was described, and the subject was asked to respond to the presence of a vertical grating pattern, however faint, by pressing a hand held buzzer.
A preliminary routine was employed with the use of the interactive mode to establish the approximate range of threshold values for the six spatial frequencies. The gratings were presented on the screen in a pseudo random order at various contrast levels. This sequence provided an opportunity for the subject to become familiar with the grating patterns. An estimation of the contrast range in which the subject's threshold was likely to fall for each spatial frequency was obtained from these measurements and recorded. For each spatial frequency two levels of contrast were used to begin a double staircase sequence. One contrast value was above the predicted contrast threshold, and one contrast value was below.
After the preliminary trial had been completed two preprogrammed sequences were used: a double staircase technique, 27 This set of responses converges on the stimulus level that gives approximately 70% of positive responses (Fig. 1) . The threshold was computed from the mean of three reversals. CSF measurements were made for the right, left, and both eyes of each subject. For the monocular viewing condition the non-viewing eye was covered with an eye patch. In order to assess the reliability of measurements 20 of the subjects (10 males and 10 females) were retested approximately 24 hours after the initial test session.
Results
Monocular and binocular CSF results for the two groups were characterised by a smooth curve which peaked between 2 and 5 cpd and was typically attenuated at low and high spatial frequencies (Fig.   2 ). Monocular sensitivity was consistently lower than binocular sensitivity for all spatial frequencies. No statistically significant sex differences were found, and so data for male and female subjects. were analysed together. In order to assess the reliability of responses the correlation coefficients derived from CSF values on a test-retest basis were examined. For each spatial frequency the correlation between the two test sessions exceeded 0-80 (p<0-001).
A one way analysis of variance was performed to determine whether the age related contrast sensitivity differences between the younger and older groups of observers were statistically significant ( In the older group the standard deviations were greatest for the higher spatial frequencies. The coefficient of variation (the standard deviation of the distribution expressed as a percentage of the mean of the distribution for each spatial frequency) emphasised the greater variability in the frequency distribution in the older subjects. The responses of the older age group were examined in more detail. A linear regression analysis of contrast sensitivity on age was made for all spatial frequencies. There was a significant decrease in contrast sensitivity with age for all but the two lowest spatial frequencies. The amount of scatter around the regression line was similar for monocular and binocular viewing, the least amount of scatter being found for a spatial frequency of 2-88 cpd in both cases ( Table 2) .
The older patients were divided into five age groups in order to examine the change with age in visual acuity measurement. However, entry to the study required visual acuity in each eye of 6/9 or better, and so the range of acuities sampled was necessarily limited. The mean visual acuity values for each age group are given in Table 3 . There was a statistically significant difference among the means of the five age groups. The main effect for age was significant (F(4,99)=16-40, p<0-01). The relationship between a given level of visual acuity (6/5, (1-2), 6/6 (1-00), 6/7*5 (0-80), or 6/9 (0.66)) and contrast sensitivity function was examined. A one way analysis of variance was performed, and no significant difference was found among the mean CSF values for the four acuity levels. However, for the highest two spatial frequencies there was a rank order fall of contrast sensitivity with each level of visual acuity. Vaegan and Halliday9 consider that the most important reason for Sekuler and Hutman's'8 contrary findings is that their elderly sample was not representative, because 10 subjects had 6/6 (1.00) vision or better in the tested eye. They argue that the subjects came from a group with particularly high visual acuity for the age range who do not have the same visual performance for lower spatial frequencies. However, the older subjects used in the present study by reason of selection criteria suffer from the same bias, in that the observed Snellen visual acuities are better than one might expect in a representative sample of people in the older age range. Yet no age dependent changes for low spatial frequencies were observed. In a more recent study by the same group using a larger sample2" the authors found that sensitivity to medium and high spatial frequencies decreased with age after about 40 years. As the same method to determine contrast thresholds was used in both studies, it is possible that the age dependent low frequency attenuation of sensitivity in the first study"' is attributable to biases introduced by using a small population sample.
Thus there appears to be little evidence for preferential sensitivity losses at low spatial frequencies with aging. It and 4 mm is minimal at both high (0.97) and low (0.11) contrasts. In the present study the subjects had clear media, the screen luminance was well above 34 cd/M2, and the minimum pupil size was greater than 2-5 mm. The limiting effects of diffraction can be dismissed at this pupil size, which suggests that in this study senile miosis is unlikely to be a contributory factor in the reduction of contrast sensitivity with age.
It appears from the present data that, in common with a number of other visual functions, CSF declines with age and in particular at the medium and high spatial frequency end of the curve. The existing data are commensurate with this finding, though lack of standardisation of stimuli and psychophysical procedures from laboratory to laboratory has resulted in variations as to the magnitude and exact location of the sensitivity loss on the contrast sensitivity curve. Responses to stimuli at the low spatial frequency end of the spectrum were independent of age in the subjects over 50 years old in the present study and in the majority of other studies. When pathological status is assessed there are obvious advantages for the use of stimuli which are relatively immune to aging effects in the visual system. An added advantage of the use of low spatial frequencies is that the effects of optical aberration are minimal at this end of the CSF curve.
I
There is great potential for the application of CSF testing in a number of visual disorders. In the present study a series of age norms is presented for six spatial frequencies with the use of a rigorous testing scheme. Though it is clear that different investigators will present findings based on the particular arrange-ments available to them, there is a need to standardise approaches in order to make CSF testing more generally useful and available. 
